Abstract. The therapeutic effect of Traditional Chinese Medicine (TCM) on chronic obstructive pulmonary disease (COPD) has been know for numerous years; however, the mechanism of action of the beneficial effects of TCM remains to be elucidated. The present study aimed to investigate the molecular mechanisms of COPD through metabolomic analysis as well as explore the targets and intervention mechanisms of TCM therapy using the common TCM granules Bu-Fei Jian-Pi. COPD rat models were established using smoke inhalations and recurrent bacterial infections. Rats were then divided into three groups as follows: A1, control healthy rats; B1, COPD model; and D1, Bu-Fei Jian-Pi-treated COPD rats. Following administration of the medicine, the metabolomic profile of the lung tissue of rats in each group was assessed using high-performance liquid chromatography/quadrupole-time-of-flight mass spectrometry. The results demonstrated that there was a significanlty different spectrum of metabolites in the lung tissue of the model group compared to that of the control group as well as the Bu-Fei Jian-Pi-treated COPD group; in addition, following treatment with Bu-Fei Jian-Pi, the metabolites of COPD rats were comparable with those of the control. Notable changes were observed in 31 metabolites between the Bu-Fei Jian-Pi-treated group and the model group; however, there were 13 comparable metabolites between the Bu-Fei Jian-Pi and control groups as well as the model and control groups. Eleven metabolites showed a negative fold change in the Bu-Fei Jian-Pi-treated groups compared to concentrations in the model group; however, minimal changes were observed in phenylpyruvic acid and α-D-fucose expression. In conclusion, the results of the present study demonstrated that Bu-Fei Jian-Pi granules had beneficial effects on measured outcomes in a rat model of stable COPD, indicated by a significantly different spectrum of metabolites. This therefore indicated that the metabolites which had significantly altered expression in the model group compared with that of the control and Bu-Fei Jian-Pi-treated groups may be potential biomarkers of COPD.
Introduction
Chronic obstructive pulmonary disease (COPD) is an increasingly prevalent disorder worldwide, which has high mortality rates and produces a severe economic burden (1) . It has been predicted that by 2020, COPD may become the third major cause of mortality in the world (1); in addition, in China alone, ~65 million mortalities due to COPD were estimated between 2003 and 2033 (2) . It is therefore essential that novel mechanisms for the treatment and control of COPD are established. The risk factors of COPD include smoking, air pollution and solid-fuel use (2) . Previous studies have provided evidence for the use of inhaled glucocorticosteroids, short-and long-acting bronchodilators as well as low-dose, slow-release theophylline being effective for the treatment of COPD (3); however, the adverse effects of therapeutic agents are difficult to avoid (4) .
Traditional Chinese Medicine (TCM) has been used for numerous years for the treatment of COPD and is reported to have markedly advantageous effects on reducing the frequency of acute exacerbations and improving the quality of life of patients (5, 6) . However, the molecular mechanisms of COPD and the beneficial effects of TCM remain to be elucidated; therefore, it is difficult to define the efficacy and advantages of TCM in the treatment of COPD (7) . The TCM pattern is a set of priciples used to classify a disease according to a group of symptoms and summarize the patients' condition at various stages of the disease process (8) . It was suggested that TCM patterns may be used to study COPD in the clinic. A previous study indicated that COPD exhibited three common TCM patterns, each of which responded to one specific herbal therapy (9) . The aim of the present study was to investigate the molecular mechanisms Metabolomics study on model rats of chronic obstructive pulmonary disease treated with Bu-Fei Jian-Pi of COPD through metabolomic analysis as well as explore the targets and intervention mechanisms of the common TCM granules Bu-Fei Jian-Pi in a rat model of stable COPD.
Materials and methods
Animal models. All animal handling and procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD, USA), following approval from the Institutional Animal Care and Use Committee at Henan University of Traditional Chinese Medicine (Henan, China). All surgeries were performed aseptically, with the minimal amount of pain and discomfort possible.
A total of 60 male and 60 female Sprague-Dawley rats (200-240 g; Beijing Laboratory Animal Research Center, Beijing, China) were each divided at random into three groups. Rats in the control group (n=40) and model group (n=40) were injected subcutaneously with 3.5 ml/kg physiological saline (0.9% wt/vol NaCl). The treatment group (n=40) was injected subcutaneously with a solution of Bu-Fei Jian-Pi granules twice a day for 12 weeks. The volumes of TCM or saline were adjusted according to the body weight of each individual animal. The rats were kept in a 12-h light/dark cycle with food and water available ad libitum. At week 32, ~24 h following the final injection, rats were administered anesthetic intraperitoneally with 50 mg/kg ketamine (Fujian Gutian Pharmaceutical Co., Ltd., Fujian, China) and sacrificed by cervical dislocation, the brains were then removed immediately. A thoracotomy was then performed in order to excise the superior, midle and inferior lobes of the right lung, the specimens were then snap-frozen in liquid nitrogen and stored at -80˚C until further use. This process was typically performed within 5-10 min following sacrification to limit post-mortem changes in the metabolite content of the samples.
Bacteria. Klebsiella pneumoniae (strain no. 46116) was provided by the National Center for Medical Culture Collection attached to the National Institutes for Food and Drug Control (Bejing, China). The concentration was adjusted to 6x10 8 colony forming units (CFU)/ml prior to administration.
TCM and medicine. The Bu-fei Jian-Pi TCM therapy consisted of: 15 g radix Codonopsis dangshen; 15 g radix Astragali seu Hedysari huangqi; 12 g Poria fuling; 9 g bulbus Fritillariae Cirrhosae Chuanbeimu; 12 g Lumbricus dilong; and 9 g Pericarpium Citri Reticulatae chenpi. All herbs were prepared and provided by the Clinical Pharmacology Research Base of the First Affiliated Hospital of Henan University of TCM (Henan, China), a state TCM clinical research base. Prior to use, compounds were extracted and stored at 4˚C.
Constructing a stable rat model of COPD. Rat models of COPD were induced using smoke inhalations and recurrent bacterial infections. Rats were administered 0.1 ml Klebsiella pneumoniae solution (6x10 8 CFU/ml) through dripping into the nasal cavity every five days for eight weeks. Hongqiqu filter cigarettes consisting of: Flue-cured tobacco; 14 mg tar; 1.2 mg nicotine and 15 mg carbon monoxide, were provided by the Henan Anyang Cigarette Factory (Henan, China) and were used for inducing stable COPD in rat models. The inhalations lasted for 30 minutes each time, three times a day with three-hour intervals between each inhalation. The inhalation lasted for 12 weeks in total. For each inhalation in weeks one and two, eight cigarettes were used and in weeks 3-12, 15 cigarettes were used. The COPD rat models generated were stable and suitable for the evaluation of the effects of the drug.
Grouping and medication. Rats were divided into groups as follows: A1, control group; B1, model group; and D1, Bu-Fei Jian-Pi-treated group D1. On the first day of the 9th week, groups A1 and B1 were orally administered with distilled water twice a day. The D1 group was administered 5 mg/kg/day under identical conditions. Treatment continued daily until the twentieth week, half of the rats were sacrificed at 20 weeks in order to study the short-term effects of the TCM and the other half of the rats were then kept until week 32 and sacrificed in order to determine the long-term effects of the TCM.
Content measurement and data collection. Lung tissue was collected in order to perform liquid chromatography-mass spectrometry (LC-MS) metabolic analysis.
Lung tissue was removed from the liquid nitrogen (-80˚C) and immediately cut into samples of 60±5 mg. Chromatographic methanol (Fujian Gutian Pharmaceutical Company) was pre-cooled to -20˚C and added to each sample (200 µl). A TissueLyzer II was used to homogenize the tissue (30 Hz; three minutes). The homogenized tissue solution was injected with 200 µl chloroform (Fujian Gutian Pharmaceutical Company) and 300 µl methanol (Fujian Gutian Pharmaceutical Company). Following centrifugation at 4˚C for 15 min (8,000 x g), Liquid supernatant (800 µl) was then transferred into an Eppendorf tube. Methanol (500 µl) was then added to the residue and centrifuged under identical conditions, the resultant supernatant (500 µl) was then transferred into the Eppendorf tube containing the former 800-µl supernatant. Subsequently, 500 µl mixed supernatant was removed and the solvent was removed under streaming nitrogen. The mixed supernantant was then reconstituted by adding 100 µl aqueous methanol solution (1:1) and oscillated.
Following centrifugation under identical conditions, the supernatant was subjected to high-performance liquid chromatography/quadrupole-time-of-flight mass spectrometry (HPLC/QToF-MS), set up as follows: Agilent 1200 series HPLC system with Agilent Poroshell SB-C18 Reversed-Phase Column (2.1x50 mm; 2.7 µl) and the Agilent 6520 series QtoF-MS mass spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA). Mobile phase (flow rate, 0.3 ml/min; injection volume, 5 µl) for the ultrapure solution contained: A, 0.1% formic acid; and B, an acetonitrile solution of 0.1% formic acid. The chromatographic elution procedure was performed at 40˚C as follows: 0 min, 1% B; 1 min, 1% B; 3 min, 45% B; 9 min, 80% B; 11 min, 100% B; 18 min, 100% B; 19 min, 1% B; 25 min, 1% B. MS settings were as follows: Ion source, Dual ESI; ionization mode, ESI+; desolvation and atomization gas, high-purity nitrogen>99.999%); gas flow rate, 10 l/min; 330˚C; spray fog pressure, 40 psi; capillary voltage, 4,000 V; capillary fragmentor voltage, 135 V; skimmer voltage, 65 V; MS acquisition range, 100-1,000 Da (with online calibration mode for a real-time correction of the m/z values, the reference ion qualities were 121.050873 and 922.009798); mass spectrometry data recording mode, centroid mode; and instrument control and data acquisition software, MassHunter WorkStation Qualitative Analysis (Version B.03.01; Agilent Technologies, Inc.). Samples were analyzed at random using standard in multivarient data analysis (SIMCA)-P software version 11.0 (Umetrics, Umeå, Sweden). Group comparisons: B1 vs. A1; and B1 vs. D1.
Data processing. The total ion and base-peak chromatograms from the representative samples are shown in Fig.  1 . MassHunter WorkStation Qualitative Analysis software (version B.03.01) was used to convert the raw data into the '*.mzdata' format. The R platform was then used to process the raw data with the XCMS package to obtain information about the baseline filter, peak identification, retention times and peak alignment. The three-dimensional structural data was then organized into a two-dimensional matrix of data, including variables (retention time-mass-charge ratio, rt_mz), the observation volume (96 samples) and the integral area. The XCMS centWave method was used to identify the peaks, peak width was set to 4-12 s, 30 parts per million (ppm); and the signal to noise ratio was set to 3. The local regression (LOESS) method was used to perform a nonlinear correction to the retention time. The process observed 2,544 variables (rt_mz). Prior to performing statistical analysis, the total integrated area of each sample was normalized to 1,000.
Statistical analysis. Significance was determined using the Student's paried t-test and the one-way analysis of variance on the mean of three different experiments. Statistical analysis was performed using SIMCA-P 11.0 software, which was standardized from the raw data to obtain an intuitive result. P<0.05 was considered to indicate a statistically significant difference between values.
Results

Principal component analysis (PCA) compares B1 and A1.
PCA was performed on the control and model groups using SIMCA-P software, which par-formatted and mean-centered the raw data for an intuitive result. The software automatically performed a model-fitting analysis for three principal components. The accumulated variance contribution rate was R2X= 0.572. All samples were located within the 95% confidence interval, represented by the Hotelling's T2 ellipse ( Fig. 2) , which indicated that no outliers existed. In general, an R2X value >0.4 indicates a reliable model, therefore the metabolic differences between the two sample groups determined by the present PCA model were reliable.
The results of the PCA revealed that samples from the control group were widely distributed throughout the PCA score plot, with the majority located in the upper quadrants; however, samples from the model group were limited to a small region of the score plot in the lower quadrants (Fig. 2) . The two groups were not completely separated according to the PCA score plot; however, the decreased variability of the model group was significant enough to indicate that the model group was affected by induced COPD; other factors, including environmental, dietary and hereditary influences, had a rela- The R platform was then used to process the raw data with the XCMS package to obtain information about the baseline filter, peak identification, retention times and peak alignment. The three-dimensional structural data was then organized into a two-dimensional matrix of data, including variables (retention time-mass-charge ratio), the observation volume (96 samples) and the integral area.
tively insignificant effect on the score plot. The separation trend of the PCA therefore indicated that there were significant metabolic differences between groups A1 and B1.
Partial least squares-discriminant analysis (PLS-DA)
compares B1 and A1. PLS-DA, a supervisory multi-dimensional statistical model analysis method, was used to analyze the two sample groups. The software automatically filtered out noise. As shown in Fig. 3 , a total of three principal components were selected for analysis, the first principal component score t [1] is shown on the horizontal axis and the second principal component score t [2] is shown on the vertical axis. The contribution rate of the supervision model, R2Y= 0.931, indicated that PLS-DA was a reliable model for showing the differences between the two sample groups. The model forecast rate, Q2=0.613, demonstrated the predictive ability of the model. The results revealed that the control group was located in a larger area, while the model group was clustered in a smaller area. This therefore indicated that A1 and B1 had significant differences in their metabolic profile.
Orthogonal partial least squares-discriminant analysis (OPLS-DA) compares B1 and A1.
In order to eliminate and classify noise in the control and model groups as well as to obtain more reliable significant differences in metabolite activity between the two groups, OPLS-DA was used to filter any irrelevant quadrature signals from the model classification. OPLS-DA consisted of one principal component (P), R2Y=0.801 and one quadrature component (O), R2Y=0.13. The quality parameters of the model were R2Y= 0.931 and Q2=0.72, indicating that the model was reliable. As shown in Fig. 4 , the OPLS-DA score plot revealed comparable results to those of the PLS-DA model. The samples from the control and model groups were distributed on opposite sides of P; in addition, the control group was more sparsely spread across O. This therefore indicated that the samples from the two groups had significant metabolic differences. Database (HMDB; http://metlin.scripps.edu/index.php). The threshold for quality was 30 ppm (Table I) .
PCA compares B1 and D1. PCA was performed on rats in the Bu-Pi Jian-Fei-treated and model groups using SIMCA-P software under identical conditions to those of the PCA of B1 and A1. The accumulated variance contribution rate was R2X=0.508, therefore indicating that the PCA model was reliable. As shown in Fig. 5 , all samples in the PCA score plot were located within the 95% confidence interval, represented by the Hotelling's T2 ellipse, which indicated that no outliers were present. The results showed no significant separation between the two groups; however, there was a relatively weak separation trend as the distribution of B1 tended to locate in the lower right quadrant and D1 in the upper left quadrant.
PLS-DA compares B1 and D1. PLS-DA was used as described in the PLS-DA comparison of B1 and A1. The contribution rate of supervision model, R2Y=0.998, indicated that PLS-DA was a reliable model for the differences between the two sample groups and the model forecast rate, Q2=0.859 demonstrated the predictive ability of the model. As shown in Fig. 6 , the sepera- tion of the model and Bu-Fei Jian-Pi-treated groups on opposite sides of the horizontal axis indicated that the metabolic activity of rats in the D1 group was significantly altered following treatment.
OPLS-DA compares B1 and D1. OPLS-DA was performed as described in the OPLS-DA comparison of B1 and A1. The P and O were R2Y=0.75 and R2Y=0.123, respectively. The quality parameters of the model were R2Y=0.874 and Q2=0.565. Scores are shown in Fig. 7 . Similarly to the results of the PLS-DA model, the OPLS-DA model explained that R2Y and the predicted rate Q2 were high, indicating that the current model was reliable. As shown in Fig. 7 , the OPLS-DA score plot revealed comparable results to those of the PLS-DA model. The samples from the model and Bu-Fei Jian-Pi-treated groups were distributed on opposite sides of P. This therefore indicated that there were significant metabolic differences between the two groups.
Identification of the different metabolites between B1 and D1.
VIP (>1) and t-tests were used to perform model and statistical analysis (P<0.05) of the different metabolites between the two groups. The molecular weights of the 31 different metabolites was identified according to the Metlin Database, with a threshold of quality of 30 ppm (Table II) .
PLS-DA of A1, B1 and D1. PLS-DA was used as previously described in the PLS-DA comparison of B1 and A1. The contribution rate of supervision model was R2Y=0.998, which indicated that PLS-DA was a reliable model for the differences between the two sample groups and the model forecast rate Q2= 0.859 demonstrated the predictive ability of the model. As shown in Fig. 8 , the model group in the right quadrants and the Bu-Fei Jian-Pi-treated group in the left quadrants indicated that rats in the D1 group had a significantly different metabolic profile from that of rats in the untreated group.
Identification of metabolites with different concentrations in A1, B1 and D1.
Following treatment with Bu-Fei Jian-Pi, 13 metabolites had different concentrations among the three groups. Eleven metabolites showed a negative fold change in the Bu-Fei Jian-Pi-treated group compared to that of the model group; however, minimal changes were observed in phenylpyruvic acid and α-D-Fucose expression (Table III) .
Discussion
COPD is a prevalent disease with high rates of mortality (1). COPD is defined by the persistent and increasing limitation of airflow, which may be enhanced by exacerbations and the occurence of additional morbidity in patients (2) . Current treatment of COPD uses conventional Western classes of medication proposed by the Global Initiative for Chronic Obstructive Lung Diseases (GOLD) (3). However, TCM has been used for numerous years as an alternative method of treatment for COPD patients. The present study aimed to elucidate the molecular mechanisms of COPD via metabolomic analysis and to explore the targets and intervention mechanisms of the common TCM granules Bu-Fei Jian-Pi in a rat model of stable COPD.
In the present study Bu-Fei Jian-Pi granules were produced from a selection of herbs according to a traditional Chinese formula (5). Treatment was performed over three months followed by a further three months observation of the rats. The results revealed favourable effects on COPD model rats, with no adverse events.
Metabonomics is a technique used in pharmaceutical and clincal studies for rapidly analyzing biological dysfunction. It may be used in conjunction with nuclear magnetic resonance (NMR) of biological fluids using high resolution 1 H spectroscopic profiling and multivariate analyis in order to identify metabolic changes associated with physiological conditions (10, 11) .
Metabonics is defined as the quantitative measurement of the response of living systems in dynamic multi-parametric conditions to genetic modification or pathophysiological stimuli (12) . It provides an overal quantification of the low-molecular endogenous metabolites found in biological samples, including tissue, urine and plasma (13, 14) . Data sets provided by high-resolution 1 H NMR spectroscopy are complex and require chemometrics approaches in order to visulize them and identify patterns in the spectral measurements. Metabolites may therefore be used to classify models for numerous disease states, toxic shock, genetic modifications and dietary changes (15) (16) (17) (18) (19) . PCA, SIMCA, PLS-DA and neural networks are amongst the most frequently used chemometric approaches for analyzing metabonomics data (13, 18, (20) (21) (22) .
In the present study, PCA models were used in order to explain the metabolic differences between the control and model groups. The results demonstrated a significantly reduced variablilty of the model group compared to that of the control group; in addition, the separation trend along the vertical axis was observably different between the two groups. This therefore indicated that there was a significant difference between the metabolic profiles of the model (B1) and control groups (A1). Furthermore, the PLA-DA model showed that following noise filtration, A1 and B1 had significant metabolic differences and the OPLS-DA model demonstrated that samples from the model and control groups were separately distributed on the opposite sides of the first principal component (PC1). This provided further evidence for the significant metabolic differences between the control and model groups. The molecular weights of the 49 differentially concentrated metabolites were then identified according to the Metlin Database. PCA models demonstrated that there was a weak, but not significant separation trend between the model and Bu-Fei Jian-Pi-treated groups. However, PLS-DA models indicated that following treatment with Bu-Fei Jian-Pi, COPD rats had significantly different metabolic profiles from those in the model group. In addition, the results of the OPLS-DA revealed that the samples from the model and the Bu-Fei Jian-Pi-treated groups were distributed on opposite sides of the PC1, indicating that the two groups had significant metabolic differences. The molecular weights of the 31 differentially concentrated metabolites between the model and Bu-Fei Jian-Pi groups were then identified according to the Metlin Database.
Following treatment with Bu-Fei Jian-Pi, 13 metabolites had the same B1/A1 and B1/D1 ratio, indicating that metabolite levels in mice of the B1 group were restored to those of healthy mice (A1 group) following treatment. Eleven metabolites showed a negative fold change in the Bu-Fei Jian-Pi-treated groups compared to levels in the model group; however, minimal changes were observed in phenylpyruvic acid and α-D-fucose levels.
COPD has an unpredictable clinical course with a diverse range of phenotypes; as a result, its progression and development remain difficult to determine and there have been no clearly defined biomarkers (7). However, previous studies have shown that the use of NMR and MS, together with chemometric analysis, may be used to evaluate the metabolic activities of biological systems. This may therefore be used as a diagnostic tool for metabolomic analysis, with the ability to observe qualitative and quantitative changes in cellular metabolism (11) . Furthermore, these techniques may lead to the detection of homeostatic disturbances prior to clincical manifestations of diseases (12) . There have been few previous studies into the metabolic analysis of COPD; however, it has been suggested that these metabolomic methods have the potential to distinguish COPD from other diseases as well as diagnose COPD, including its classification and stage of progression (23) .
In conclusion, the results of the present study demonstrated significant metabolic differences in the lungs of COPD model rats [constructed by smoke inhalation and recurrent bacterial infection (24, 25) ] compared with those of healthy control rats. In addition, COPD model rats treated with the TCM Bu-Fei Jian-Pi granules were revealed to have a significantly different spectrum of metabolites from that of untreated COPD rats. This therefore indicated that TCM had a significant beneficial effect in a rat model of stable COPD. Furthermore, the significantly altered metabolite profile of COPD rat models compared to that of the control rats may provide evidence for potential COPD biomarkers. However, further studies are required in order to assess the sensitivity and specificity of these methods in COPD as well as to evaluate TCM treatment on COPD via these specific potential biomarkers.
